CTnDOT encodes an integrase that is a member of the tyrosine recombinase family. The recombination reaction proceeds by sequential sets of genetic exchanges between the attDOT site in CTnDOT and an attB site in the chromosome. The exchanges are separated by 7 base pairs in each site. Unlike most tyrosine recombinases, IntDOT exchanges sites that contain different DNA sequences between the exchange sites to generate Holliday junctions (HJs) that contain mismatched bases. We demonstrate that IntDOT resolves synthetic HJs in vitro. Holliday junctions that contain identical sequences between the exchange sites are resolved into both substrates and products, while HJs that contain mismatches are resolved only to substrates. This result implies that resolution of HJs to products requires the formation of a higher-order nucleoprotein complex with natural sites containing IntDOT. We also found that proteins with substitutions of residues (V95, K94, and K96) in a putative alpha helix at the junction of the N and CB domains (coupler region) were defective in resolving HJs. Mutational analysis of charged residues in the coupler and the N terminus of the protein did not provide evidence for a charge interaction between the regions of the protein. V95 may participate in a hydrophobic interaction with another region of IntDOT.
IntDOT is an integrase encoded by CTnDOT, a Bacteroides integrative and conjugative element (ICE). IntDOT is a member of the tyrosine family of recombinases, which includes lambda integrase, FLP, CRE, and the XerC and XerD recombinases. Lambda Int and IntDOT are called factor-assisted tyrosine recombinases, because they use accessory factors to regulate directionality of their recombination reactions. These recombinases contain three DNA binding domains: the Nterminal arm-binding domain (N), the core binding domain (CB), and the catalytic domain (CAT). These recombinases bind to two different types of DNA sites: the arm-type sites and core-type sites. For lambda Int, it has been shown that the N domain binds to the arm-type sites and functions in the directionality and regulation of catalysis. The CB and CAT domains of lambda Int bind to the core-type sites and perform catalysis (1, 15, 17) .
Site-specific recombination reactions catalyzed by most tyrosine recombinases occur by two sequential sets of strand exchanges. The sites of exchange border a region of DNA, called the overlap region, that is usually the same in both recombination sites. The nucleoprotein complexes that perform the recombination reactions contain four recombinase monomers bound to the four core-type sites of the partner DNA substrates. Two of the recombinase monomers are catalytically active, while the other two monomers are inactive. The first strand exchanges are carried out by the two active recombinase monomers to form a four-way branch structure Holliday junction (HJ) intermediate. In order to execute the second set of strand exchanges to form products, the HJ intermediate undergoes a conformational change that results in the activation of the second pair of recombinase monomers, which perform the strand exchanges to resolve the HJ intermediate. Presumably, recombinase monomers in the complex also interact with each other through protein-protein interactions to help regulate and coordinate the strand exchanges. Thus, the isomerization of the HJ in addition to protein-protein contacts is responsible for aligning the sites of cleavage and exchange in the active sites of two monomers. If the strands that were exchanged initially to form the HJ are exchanged a second time, the HJ is resolved to re-form the substrates and the recombination reaction moves backward. If the strands that remained intact during HJ formation are exchanged, the HJ is resolved into recombinants and the recombination reaction moves forward (1, 2, 11, 14, 17) .
The strand exchange mechanism and resolution of HJs by lambda Int have been studied in detail. Like most other tyrosine recombinases, lambda Int requires strict sequence homology or identity in the overlap region for efficient recombination (3, 18) . For example, a single mismatch in the overlap region of a lambda site inhibits recombination with a partner site. The sequence identity is required for the DNA isomerization step that occurs between the sets of strand exchanges (1, 10, 14, 17) . However, IntDOT does not require extensive DNA homology in the overlap region. The 7-bp overlap regions of attDOT and attB sites recombined by IntDOT contain 2 base pairs of identity (the conserved GC dinucleotide) adjacent to the first cleavage sites in the top strand. As long as the 2 base pairs at the left side of the overlap are the same in both sites, the first strand exchanges occur. The adjacent 5 bp extending from the GC dinucleotide to the position of the second cleavage sites in the bottom strands can be completely mismatched (9, 13) (Fig. 1) .
This study focuses on characteristics of HJ resolution by wild-type and mutant IntDOT proteins (8) and the roles of the N domain, the coupler region between the N and CB domains, and other residues of IntDOT in resolution of HJs. We showed that IntDOT resolves synthetic HJs in vitro. However, IntDOT responds differently to synthetic HJs depending upon whether the overlap regions contain identical or nonidentical sequences. HJs that contain identical overlaps are resolved to substrates and products. Interestingly, IntDOT resolves HJs with heterologous overlaps to substrates only, even though recombination between natural sites produces HJ intermediates that contain mismatches. These observations indicate that formation of an attDOT complex with IntDOT bound to armtype sites and a host factor acting as an architectural element are important for IntDOT-mediated recombination with natural sites. Analysis of HJ resolution by mutant IntDOT proteins indicates that V95 in the coupler is important for HJ resolution. This residue may interact with another region of the protein, possibly through hydrophobic interactions. The K94 and K96 residues in the coupler are also important for resolution, but we could not obtain evidence that they are involved in protein-protein interactions. In addition, residues R295 and S368 in the CAT domain are likely important for protein-protein interactions required for resolution of HJs but not for catalysis.
MATERIALS AND METHODS
Growth media, strains, chemicals, and enzymes. The strains, plasmids, and oligonucleotides used in this study are listed in Supplement S1 in the supplemental material. Escherichia coli strains were grown in Luria-Bertani (LB) medium (Difco). E. coli DH5␣ MCR was used for site-directed mutagenesis and plasmid maintenance. JG19002 (8) was used for the in vivo integration assay. Antibiotics and arabinose were purchased from Sigma, and X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) was obtained from RPI and used at a concentration of 80 g/ml. Antibiotic concentrations were 100 g/ml.
[␥-32 P]ATP was purchased from Perkin Elmer, Inc., and T4 DNA kinase from Fermentas. All oligonucleotides shown in Supplement S1 were synthesized by Integrated DNA Technologies (IDT).
Site-directed mutagenesis. Eight pSK2 plasmids, each containing a single substitution, D19K, D31K, D44K, D49K, E93K, K94D, K94E, or K96E, were made using a Stratagene QuikChange site-directed mutagenesis kit. Primers containing specific mutations are listed in Supplement S1 in the supplemental material. Mutagenized plasmids were sequenced to confirm that the desired substitutions were obtained. The plasmids were used to transform JG19002 for in vivo integration assays and MC1061 for overproduction of mutant proteins and for biochemical assays. Phenotypes for in vivo integration were as follows: ϩϩ indicates wild-type efficiency, ϩ indicates a leaky phenotype, and Ϫ indicates no detectable integration.
Overproduction of proteins. To express wild-type and mutant IntDOT proteins, MC1061 cells containing pSK2 and pSK2 derivatives were induced by addition of arabinose to a final concentration of 0.4%. A 50-ml culture was grown in LB supplemented with ampicillin to an optical density at 600 nm of 0.4 at 37°C. The cells containing IntDOT protein were induced for 4 h at room temperature after addition of arabinose. Cells were harvested and suspended in 0.5 ml of low-salt IntDOT lysis buffer (50 mM NaHPO 4 , 1 mM EDTA, 50 mM NaCl, 10% glycerol, 1 mM dithiothreitol [DTT], pH 8.0). After sonication and centrifugation, the supernatant fractions were used as sources of IntDOT proteins for the in vitro assays described below. Quick Start Bradford protein assays (Bio-Rad) were used to determine the amount of protein in cell extracts. Fifteen g of cell extract was used for the DNA binding, ligation, and HJ resolution assays.
Construction of HJ intermediates. HJs were constructed by annealing the synthetic oligonucleotides listed in Supplement S1 in the supplemental material. In the experiments with results shown in Fig. 2 , the oligonucleotides used were SK3, SK4, SK7, and SK8 for the HJs containing identical overlap sequences and SK1, SK3, SK4, and SK6 for the HJs containing different overlap sequences. All four strands were radiolabeled with 32 P and mixed at equal molar ratios (24 pmol of each strand) in an annealing buffer (0.1 M KCl, 10 mM Tris-HCl, pH 8).
Resolution of these HJs results in labeled attDOT (94 bp), attB (50 bp), attL (85 bp), and attR (59 bp). The HJs used for the experiments with results shown in Fig. 3 and 5 were made by annealing oligonucleotides SK2, SK3, SK5, and SK6. In this case, only the 5Ј end of the attL strand was labeled. Resolution of this HJ results in labeled attB (59 bp) and attL (94 bp). The annealing reaction mixture was heated to 95°C and cooled to 22°C at a rate of 5°C min Ϫ1 using a PCR machine. The mixture was electrophoresed on a 5% polyacrylamide gel at 200 V for 2 h. The band containing the four annealed strands was gel purified, and the DNA was eluted in low salt-buffer (10 mM Tris-HCl, pH 8, 100 mM NaCl, 1 mM EDTA) for 1 to 2 days. The solution containing HJ DNA was passed through a DE52 column to remove gel slices and to concentrate DNA. The HJs were ethanol precipitated, dissolved in water, and used as the substrate in HJ resolution assays.
HJ resolution assays. The HJ resolution assays were carried out in 20-l reaction mixtures containing 15 g of IntDOT crude extract, 20 ng of HJ DNA, 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM EDTA, and 5 mM DDT at 37°C for 2 h. The reaction product was phenol extracted and subjected to electrophoresis on an 8% polyacrylamide gel at 200 V for 2 h. The resolution products in the gels were exposed to phosphorimager screens, and results were analyzed using Fujifilm Image Gauge software (Macintosh v.3.4).
Symbols are used to represent the results as follows: ϩϩ indicates that products formed as efficiently or nearly as efficiently as those with the wild-type protein, Ϫ/ϩ indicates decreased efficiency, and Ϫ indicates severely decreased efficiency.
E. coli in vivo integration and in vitro assays. In vivo integration and DNA binding and ligation assays were performed as described previously (8) .
RESULTS AND DISCUSSION

Resolution of Holliday junctions by wild-type IntDOT. Since
IntDOT is a tyrosine recombinase, it is expected that the enzyme should also be able to resolve synthetic HJs. Consequently, we needed to determine whether IntDOT has the ability to resolve a synthetic HJ intermediate into substrates or products. In order to determine if IntDOT could resolve simple HJs to substrates and products, we constructed two types of HJs that lacked arm-type sites. One was an HJ that contained identical overlap sequences ( Fig. 2A) . The branch point of this HJ can migrate unimpeded throughout the overlap region. IntDOT has been shown to recombine attB and attDOT sites containing identical sequences as efficiently as sites that contain mismatched sequences in vitro (J. Laprise, unpublished data). A second HJ contains mismatches in the overlap, like a natural HJ made by IntDOT during a reaction between wildtype attDOT and attB sites (Fig. 2C) . The branch point of this HJ is frozen at the left side of the overlap and cannot branch migrate or move by homology-dependent interactions to the This HJ is resolved into substrates attDOT and attB only. The lanes labeled "No protein" and "wt" contain no extract and an extract containing wild-type IntDOT, respectively. The Y381F mutant, which lacks the active-site tyrosine residue, does not resolve either of the HJs. 2C) containing an immobile junction is resolved exclusively in the direction favoring top-strand exchange, which regenerates the substrates attDOT and attB (Fig. 2D) . In this case, it appears that the HJ forms only the conformer which is favorable to top-strand exchange because the junction can migrate within the region containing the 2 base pairs of "the GC dinucleotide" adjacent to the site of top-strand exchange but cannot move through the region of heterology to the site where bottomstrand exchange would occur. This result indicates that the heterologous bases inside the overlap prevent bottom-strand resolution of the immobile synthetic HJ that lacks the arm-type sites.
During a recombination reaction that starts from substrates to produce products, the HJ formed must somehow bypass the region of heterology in the HJ intermediate. Presumably, during an integrative recombination reaction, the intasome composed of IntDOT and host factor is assembled on attDOT DNA. When the intasome captures an attB site, synapsis and the first strand exchanges occur. This complex is able to bypass the barrier of heterology in the overlap region and perform the second set of bottom-strand exchanges. In the experiments presented here, intasome formation does not occur because the reactions use synthetic HJs that lack the arm-type sites. Future experiments with purified IntDOT and accessory factors are required to define the role of the arm-type sites in recombination.
Resolution of HJs by mutant IntDOT proteins. IntDOT mutants deficient in integration, listed in Table 1 , were characterized previously in DNA binding, cleavage, and ligation assays (8) . We showed previously that IntDOT and E. coli integration host factor (IHF) form a gel shift complex with attDOT DNA. Presumably one or more IHF heterodimers bind nonspecifically to attDOT DNA and at least one monomer of IntDOT binds to form the complex. We do not know the exact number of IntDOT monomers bound, but it is likely that the IHF bends the DNA, facilitating the binding of at least one IntDOT that binds simultaneously to a core-and arm-type site. The cleavage and ligation assays measure the ability of the wild-type or mutant IntDOT proteins to perform catalytic functions independent of strand exchange (8) .
In order to extend our biochemical characterization of the IntDOT mutants, we tested them for their abilities to resolve HJs. We anticipated that some of the IntDOT mutant proteins could resolve the two types of HJs in the same way as wild-type IntDOT and, conceivably, that some mutant proteins might behave differently. For example, a mutant might resolve an HJ with identical overlap sequences but not an HJ with an immobile junction. Another type of mutant might be able to resolve the immobile HJ into products, which represents a new function that wild-type IntDOT cannot perform. In this case, the substituted residue was predicted to be important in overcoming the barrier produced by the immobile junction. However, the mutants were either unable to resolve HJs or resolved them similarly to wild-type IntDOT (data not shown).
Several mutants with substitutions in the CB domain (T184I and P209L) and in the CAT domain (T256I, C325Y, L326F, R330H, S347N, and G371E) were shown in our previous study to be defective in DNA binding, cleavage, and ligation. Thus, it is not surprising that these mutant proteins are also defective in HJ resolution, because HJ resolution requires cleavage and ligation of DNA. Mutants with substitutions of catalytic residues, such as the R348H, H372Y, and Y381F proteins, were also defective in HJ resolution, as expected (data not shown).
In the initial analysis of IntDOT, the alignment of the protein with other tyrosine recombinases showed that the residue equivalent to the first catalytic arginine of IntDOT was missing. Recent in vitro experiments and homology modeling indicated that R285 might provide the function of the missing arginine (8, 12) . This arginine residue was predicted to project into the active site, where it could participate in catalysis. We showed that the R285H protein was partially active in its ability to cleave DNA. If this residue is required for catalysis, we predict that the R285H mutant is partially active or defective in HJ resolution. We found that the R285H protein was partially active in HJ resolution (Fig. 3) . In the same study, we also 
Ϫ Ϫ a ϩϩ, ϩ, Ϫ/ϩ, and Ϫ are explained in Materials and Methods. b wt, wild type.
proposed that the A352 residue is involved in positioning of the catalytic tyrosine, and the A352T protein was also defective in HJ resolution (Fig. 3) . Several mutants that are defective in integration were able to resolve HJs. These include three mutants with substitutions in the N domain (R13C, S38N, and G101R) (Fig. 3) . These mutants affect residues implicated in binding to arm-type sites and are not likely to be directly involved with HJ resolution. The V95M mutant showed a defect in resolution of HJs and is discussed below.
Six mutants with substitutions in the CAT domain (V319I, T354I, T365M, S367N, A382V, and L389F) also resolve HJs efficiently (Fig. 3) . The causes of the defects in the recombination pathway for the V319I, T354I, T365M, A382V, and L389F proteins are not obvious, because they bind DNA and perform cleavage and ligation efficiently. Several of these mutants contain substitutions that are not predicted to be near the active site. In the previous homology model (8), the V319 residue was predicted to be located at the end of the ␤6 strand of IntDOT. The T354 residue in helix K and the T365 residue in helix L are located far from the active site and show no effect on cleavage, ligation, or HJ resolution. The A382 and L389 residues are near the catalytic tyrosine Y381 in helix M. In the homology model, A382 is predicted to lie on the backside of the helix containing the catalytic Y381. The L389 residue is predicted to lie in the extensible "tail," which interacts with another recombinase monomer in the IntDOT tetramer, so it may not have a direct effect on catalytic activity. Interestingly, the S367 residue has been predicted to be near catalytic H372, and the S367N protein was defective in cleavage and ligation but was active in HJ resolution. We do not know the mechanism behind its phenotypes in the cleavage, ligation, and resolution assays, but it is interesting to note that the mutant was leaky in vivo. The exact roles of these residues await structural information that may be forthcoming from crystallization studies.
The R295H and S368F mutant proteins were proficient in cleavage and ligation reactions (8) but were defective or had reduced activity in HJ resolution. We suggest that the R295 and S368 residues are involved in protein-protein interactions. For example, the R295 residue was predicted to be located in the end of the ␤5 strand of IntDOT, which was aligned to the region equivalent to the ␤7 strand (residues 239 to 243) of lambda Int (4, 7). In lambda Int, the ␤7 strand is in the center of the protein and interacts with the tail (residues 350 to 356, including ␤9) of a neighboring monomer in an intermolecular interaction (16) . Intermolecular contacts between the ␤7 and the ␤9 strand of lambda Int are required for coordination of HJ resolution. However, the interaction is destabilized in the A241V protein, resulting in enhanced DNA topoisomerase and DNA cleavage activity and loss of the ability to resolve HJs (16) . The R295H protein of IntDOT is similar in that it also retains DNA cleavage activity but cannot resolve HJs. It is possible that the region of the protein containing the R295 residue of IntDOT could be involved in a protein-protein interaction similar to that of the ␤7 strand of lambda Int.
The S368 residue in helix L is likely to be located at the surface of IntDOT, where it could be capable of making a protein-protein interaction. Interestingly, we also isolated a mutant with a substitution of the neighboring S367 residue (S367N). The S367 residue also has been predicted to be located in helix L and was active in HJ resolution (8) . This result indicates that the two adjacent serine residues in IntDOT have different roles in recombination reaction.
Role of the N domain in HJ resolution. Among mutants with substitutions in the arm domain, the V95M mutant protein showed a drastically different phenotype from that of other mutants with N domain substitutions, such as the R13C, S38N, and G101R proteins. It formed the gel shift complex with attDOT and was proficient in DNA cleavage and ligation (8) . However, unlike the other mutants of the N domain, it was unable to resolve HJs (Table 1) . Interestingly, the V95 residue is located in a region of IntDOT that corresponds to the lambda Int coupler (4) (Fig. 4) . The lambda coupler is a helix containing residues 64 to 74. Lee et al. showed that it participates in HJ resolution by a protein-protein interaction (11) . They found that substitution of either the D71 residue in the coupler or the R30 residue in the arm domain resulted in loss of HJ resolution activity. However, a double mutant with the D71R and R30D substitutions in the same protein regained the ability to resolve HJs (Fig. 4) . From this observation and other work, the authors proposed that the D71 residue in the   FIG. 3 . HJ resolution by mutant IntDOT proteins. The HJ substrate labeled at the 5Ј end of the attL strand was incubated with 15 g of extracts containing defective IntDOT proteins at 37°C for 2 h. The reactions were stopped by phenol extraction, and resolved products were detected on an 8% polyacrylamide gel. "M" denotes a 50-bp DNA ladder. The HJ has the mismatched overlap regions shown in Fig. 2C . Resolution of the HJ can potentially yield labeled attB and attL products, but only attB products are obtained.
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coupler region makes an intermolecular ion pair with the R30 residue of an adjacent monomer.
Since the V95 residue of IntDOT is located in a helix that is analogous to the lambda Int coupler region, the inability of the V95M mutant protein to resolve an HJ indicated that the putative IntDOT coupler region could play a similar role in HJ resolution. The helix contains several charged and hydrophobic residues. Thus, it is possible that the helix could be involved in HJ resolution through a protein-protein interaction by an ion pair interaction, as shown in lambda Int, or by interactions by hydrophobic clusters. In an attempt to determine whether there is an ion pair in the IntDOT N domain and the coupler region, we made substitutions of all four charged residues in the putative helix corresponding to the IntDOT coupler to the reverse-charged residue by site-directed mutagenesis. The substitutions that we made in the coupler are E93K, K94D, K94E, and K96E.
The E93K mutant protein was active in in vivo integration, DNA binding and ligation, and HJ resolution, indicating that the E93 residue is not important for DNA binding or catalysis. The K94D, K94E, and K96E proteins have complicated phenotypes. We found that the K94D, K94E, and K96E proteins are strongly defective in the in vivo integration assay. We expected that the K94D and K94E proteins would also likely have similar DNA binding and ligation and HJ resolution phenotypes because of the conserved charge reversals of the substitutions. However, both are active in ligation (Table 2) , but the K94D protein is also active for DNA binding and HJ resolution, while the K94E protein is defective for both functions (Table 2 ). Since the K94D protein has a slightly smaller side chain than the K94E protein, it is possible that the bulkier side chain of glutamic acid in the K94E protein is responsible for the different phenotypes of the proteins. For example, the substituted glutamic acid side chain could disrupt an interaction between the coupler region and another region of the protein that is not disrupted by the shorter aspartic acid side chain. However, it is difficult to visualize a simple mechanism that would explain how the glutamic acid substitution could destabilize an interaction with another region of the protein and also affect DNA binding while aspartic acid does not affect the interaction adversely enough to disrupt DNA binding. The K96E mutant protein, with a substitution of a glutamine, showed the same phenotype as the K94E protein in that it simultaneously affected HJ resolution and DNA binding. Taken together, the results are consistent with the hypothesis that the coupler is important for HJ resolution through a protein-protein interaction. However, the role of charged residues in the interaction remains uncertain.
Substitutions of charged residues in the N domain. To further investigate the possibility that the N domain and coupler interact through a charge interaction, we made additional substitutions in the N domain, which changed negatively charged residues to lysine. Since mutants with substitutions of the two lysine residues in the coupler, K94E and K96E, are defective in resolution, we hypothesized that substitution of a negatively charged residue with a positively charged residue in the N domain could restore the putative charge interaction. We mutated the aspartic acids at four different positions in the N domain to lysines (D19K, D31K, D44K, and D49K) ( Table 2) . These aspartic acid residues are the only negatively charged residues within the first 60 residues of the arm domain of FIG. 4 . Secondary structures and amino acid sequences of the N domains of lambda Int (top) and IntDOT (bottom). The N domains of the two proteins share a folding pattern. They contain three ␤ strands (␤1, ␤2, and ␤3) and two helices (␣ H1 and ␣ H2). ␣ H2 is called the "coupler" in lambda Int. The thick arrows indicate that the residues R30 and D71 of lambda Int form a protein-protein interaction in lambda Int. In IntDOT, the V95 residue is located in a putative ␣ H2, which is the region equivalent to the coupler of lambda Int. The thin arrows indicate aspartic acids at four different positions in the IntDOT N domain that were substituted with lysines in this study by site-directed mutagenesis. IntDOT. The residues also span the region equivalent to the region of lambda Int where the R30 arm residue lies. We found that the D19K, D31K, and D49K mutants were defective while the D44K protein was leaky in in vivo integration. The D19K and D44K proteins were also defective in DNA binding in the gel shift assay, indicating that these residues are directly or indirectly involved in DNA binding. These phenotypes are also similar to those of other substitution mutants in the N domain, such as the R13C and S38N mutants, which are defective in the attDOT gel shift assay. These mutants are likely defective in DNA binding or protein-protein interactions involved in DNA binding (8) . The D31K and D49K mutants were proficient in DNA binding and ligation and HJ resolution. However, the observation that these proteins are defective for recombination in vivo indicates that the D31 and D49 residues are required for a step in the recombination pathway. This step is possibly a protein-protein interaction that is not required for DNA binding or HJ resolution.
Regardless of their phenotypes in the in vivo recombination, gel shift, and DNA cleavage and ligation assays, all four substitution mutant proteins were active in HJ resolution (Fig. 5 ). These observations also indicate that these aspartic acid residues in the wild-type IntDOT protein are not involved in a charge interaction with residues in the coupler. Thus, if any of the charged residues in the IntDOT coupler region make an ion pair with another residue in IntDOT, the interaction must occur with a residue that is outside this region.
Interestingly, the secondary structure of the putative coupler region of IntDOT, which includes residues 92 to 99, is predicted to form an alpha helix (5, 6) . In Fig. 6 , we have projected the amino acid residues of this region of the protein onto a helical wheel. Examination of the wheel reveals that it could form an amphipathic helix. Several of the residues, including V95, are on a side of the wheel that contains mainly hydrophobic residues (T91, A92, V95, A98, and F99). These residues could be involved in a hydrophobic interaction with another region of the protein. The other side of the wheel contains the charged residues K94, K96, and E93 that were mutated to proteins that contained the reverse charge ( Table 2 ). The organization of amino acid residues in the coupler region is intriguing, but more information is required to determine the roles of these residues in DNA binding and HJ resolution.
Conclusions. This work demonstrates that wild-type and mutant IntDOT proteins can resolve synthetic HJs that lack the arm-type sites. Comparison of resolution of HJs containing identical and mismatched overlap sequences indicates that, in the absence of the arm-type sites, IntDOT cannot tolerate a barrier of heterology in the overlap region of synthetic HJs. Thus, the ability of IntDOT to recombine the mismatched overlap sequences is likely to be provided from the intasome during recombination. We also found that the V95, R295, S368, D31, and D49 residues are likely important in proteinprotein interactions. Further mutational analysis of the N domain and coupler of IntDOT indicated that the IntDOT coupler is important for HJ resolution. We found no evidence that there is a charge interaction between residues in the coupler region and the N domain. The possible protein-protein interactions between the N domain and the coupler could occur through a hydrophobic cluster in an alpha helix containing the V95 residue. 
